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Morphological heterogeneity of the rabbit collecting duct. The local-
ization of carbonic anhydrase by histochemistry, of Na-K-ATPase by
immunocytochemistry and of rod-shaped intramembranous particles by
freeze-fracture electron microscopy, was determined in the collecting
duct of rabbits. In the cortical collecting duct (CCD), rod-shaped
particles, which are abundant in intercalated cells were observed in
both the apical and basolateral membrane of all intercalated cells
examined. In the outer stripe of the outer medullary collecting duct
(OMCDo) a high density of rod-shaped particles was found only in the
apical membrane of intercalated cells. All cells of the inner stripe of the
outer medullary collecting duct (OMCDi) had rod-shaped particles in
the apical membrane but not in the basolateral membrane. As the
collecting duct entered the inner medulla the density of rod-shaped
particles decreased until they were virtually absent in the terminal
segment. Na-K-ATPase, localized to the basolateral membrane, was
more abundant in principal cells than in intercalated cells in the CCD.
In the OMCDo, staining was equal in principal and intercalated cells.
All cells of the OMCDi and the inner meduilary collecting duct (IMCD)
stained for Na-K-ATPase. Carbonic anhydrase in the CCD was local-
ized to the cell membranes and cytoplasm of intercalated cells. Princi-
pal cells did not stain for carbonic anhydrase. A similar pattern was
seen in the OMCDo. In the outer region of the OMCDi most cells did
not stain for carbonic anhydrase, whereas in the inner region the apical
and lateral membranes of all cells stained for carbonic anhydrase. Weak
cytoplasmic staining was occasionally seen. A similar pattern was seen
in the initial half of the IMCD, while the terminal half of the IMCD did
not stain. In this study, the localization of enzymes and rod-shaped
intramembranous particles associated with Nat, K, and H transport
shows both segmental and cellular heterogeneity, and correlates with
the known transport properties of tubule segments. The distribution of
these enzymes and rod-shaped intramembranous particles is different in
rabbits and rats, and may explain some of the functional differences
between homologous segments in these species.
The collecting duct of the rabbit kidney exhibits both struc-
tural and functional heterogeneity. Because of regional differ-
ences in ion transport, it has become convenient to view certain
portions of the collecting duct as being specialized for particular
functions. For example, the cortical portion has been identified
as a major site for K secretion and Na absorption, while the
inner stripe portion of the outer medulla is specialized in urine
acidification [1—51.
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The rabbit collecting duct is also characterized by cellular
heterogeneity [6]. The major cell type of the collecting duct
epithelium is the principal cell. This cell is thought to be
involved in the absorption of Na and the secretion of K [2, 3,
7—il]. The second cell type of the collecting duct is the
intercalated cell. This cell is thought to be involved in acid-base
transport [3, 7, 11—18, and reviewed in reference 81.
The objective of the present study was to characterize the
collecting duct of the rabbit kidney with regard to the localiza-
tion of rod-shaped intramembranous particles and two trans-
port-related proteins, carbonic anhydrase and Na-K-ATPase.
Rod-shaped intramembranous particles are found in large num-
bers in intercalated cells and are found in the same membrane
domains as the electrogenic H1-ATPase [14—17]. Carbonic
anhydrase catalyzes the hydration of C02, and in renal epithe-
hal tissues has been associated with the process of urine
acidification [181. The Na-K-ATPase is ubiquitous, and in
epithelial cells plays an important role in transepithelial Nat,
C1 and K transport [19]. We found regional and cellular
differences in the localization of rod-shaped particles and these
enzymes; their distribution correlated with available transport
data.
Methods
Animals
Nine female New Zealand White rabbits weighing 1.8 to 4.0
kg were obtained from Millbrook Farms (Amherst, Massachu-
setts, USA) and NINAK (Uppsala, Sweden). They were fed a
standard laboratory chow (Ralston Purina, St. Louis, Missouri,
USA) and had free access to tap water.
Preparation of tissue for microscopy
The rabbits were anesthetized with Ketamine (35 mg/kg body
wt) and Xylazine (5 mg!kg body wt) given intramuscularly.
Furosemide (1 mg/l00 g body wt) was also given with the
anesthetic agents to decrease the osmolality of the renal med-
ullary interstitium. After anesthesia, an abdominal incision was
made, and the descending aorta and the renal veins were
exposed. A 16 gauge cannula was inserted into the aorta, distal
to the renal arteries. The vena cava was cut and the descending
aorta was occluded proximal to the renal arteries [3]. The
kidneys were perfused at a pressure of 150 cm of water with
mammalian Ringer's solution containing 3% T-40 dextran [3].
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When the kidneys were cleared of blood they were perfused
with Karnovsky's fixative (37°C) diluted 1:3 with 0.1 M sodium
cacodylate buffer (pH 7.2) and 3% T-40 dextran [31. The
osmolality of the sodium cacodylate/T-40 dextran dilulent was
adjusted to 300 mOsmlkg H20 by the addition of NaCl.
After fixation, complete mid-sagittal sections, 2 to 3 mm
thick, including all regions of the kidney were cut. These
sections were embedded to visualize the entire kidney by light
microscopy, or we divided the sections into cortex, outer stripe
of the outer medulla, inner stripe of the outer medulla, or the
inner medulla.
The tissue was postfixed for two to three hours in full strength
Karnovsky's fixative containing 0.1 M sucrose. After fixation,
the tissue was washed in 0.1 M sodium cacodylate buffer (pH
7.2) with 0.1 M sucrose added. The blocks were post-fixed for
one hour in 1.33% osmium tetroxide in 0.1 ss s-collidine buffer
and stained en bloc with uranyl acetate oxalate, washed again
with 0.1 M s-collidine buffer, dehydrated in ethanol, and em-
bedded in Epon 812. Thin sections of tissue were cut on a LKB
Huxley microtome and stained with saturated aqueous uranyl
acetate and lead citrate and examined with a Zeiss (EM lOB)
electron microscope at 80 kV (Zeiss, Oberkochen, FRG).
In some animals, in which we localized Na-K-ATPase and
carbonic anhydrase within the kidney, the tissue was fixed
using the periodate-lysine-paraformaldehyde (PLP) method as
modified by Kashgarian et al [19]. This fixative is composed of
0.01 M Na104, 0.75 M lysine, and 2% paraformaldehyde, in
0.0375 M Na2HPO4 buffer, pH 6.2, After fixation sagittal sec-
tions of the kidneys were cut and the tissue was divided as
described above and post-fixed for six hours at 4°C. The tissue
was washed three to five times with 0.1 M Na2HPO4 buffer, pH
7.2 and cryoprotected by incubation with 10% DMSO in 0.1 M
Na7HPO4 for one hour at 4°C. Blocks of tissue were frozen by
plunging them into swirling liquid Freon 22 cooled with liquid
nitrogen. Cryosections (—16 microns thick) were cut and placed
into 1% bovine serum albumin (BSA) in phosphate buffered
saline (PBS).
Freeze fracture
Pieces of identified regions of the kidneys (N = 4) were cut
from sagittal slices and cryoprotected in a graded series of
glycerol with overnight incubation in 30% glycerol as previ-
ously described [141. Carbon-platinum replicas were prepared
in a Balzers BAF 301 or 400T freeze-fracture machine using a
double-replica device. Replicas were cleaned with ChloroxTM,
observed and photographed using a Philips 300 or Hitachi H300
transmission electron microscope. The density of rod-shaped
intramembranous particles was determined as previously de-
scribed [14]. In brief, particle density was determined on
micrographs printed at a final magnification of >< 40,000 by
counting the number of rod-shaped particles in membranes
ranging in area between 0.13 to 3.30 m2. Membrane area was
measured by point-counting using a square-array grid with
points 0.5 cm apart.
Localization of Na-K-A TPase
Na-K-ATPase was localized along the collecting duct by
immunoperoxidase labeling as described previously by Kash-
garian et al [191. Briefly, cryosections from nine kidneys were
incubated overnight in PBS (1% BSA buffer) containing a
monoclonal antibody (C62.4, 50 to 100 g/ml) directed against
the cytoplasmic domain of the alpha subunit of Na-K-ATPase
[19]. Subsequently the sections were washed three times with
PBS and incubated for two hours with peroxidase conjugated
sheep anti-mouse Fab of IgG (Biosys, Con-ipeigne, France) at
23°C. After three to five washes, the tissue was fixed for one
hour with 1.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) with 5% sucrose. The tissue was washed (3
times) in 0.1 M sodium cacodylate with 7.5% sucrose followed
by three washes in 0.05 M TRIS-HCI (pH 7.4) with 7.5%
sucrose. The tissue was then placed in 0.1% diaminobenzidine
in the TRIS-sucrose buffer containing H202 (0.01%) and was
incubated for 5 to 20 minutes. The reaction was stopped by
placing the sections in the TRIS-sucrose buffer at 4°C. After
osmification with reduced 0s04 the tissue was dehydrated and
embedded in Epon 812. Thin sections were cut with a diamond
knife and the tissue was viewed, without additional staining,
with the electron microscope at 60 kV to provide adequate
specimen contrast. Experiments conducted to examine a pos-
sible non-specific reaction product included incubation with
"non-immune" mouse monoclonal IgG as a primary antibody,
incubation of the secondary antibody in the absence of the
primary antibody and incubation with a primary antibody
directed against an apical membrane protein (Cl5. 16, ref. 19).
Localization of carbonic anhydrase
Carbonic anhydrase was localized using the cobalt-precipita-
tion method previously described [20—22], which is a modifica-
tion of the Hans son method (N = 9 animals). In brief, PLP or
Karnovsky fixed tissue was cut into sections extending from the
capsule to the papilla. The tissue was dehydrated in increasing
concentrations of acetone, and embedded in Lowicryl K4M.
The resin was polymerized with indirect UV-irradiation using
benzoin ethyl ether as an accelerator. Dehydration, embedding
and polymerization were done at 4°C.
Sections (0.5 to 2 pm) were placed on the surface of a CoSO4
[3.5 mM] containing incubation medium. The time of incubation
varied from three to eight minutes. In all micrographs present-
ed, sections were incubated for six minutes and then weakly
stained with azure blue. To check for specific staining, some
sections were incubated in the presence of 10 iM acetazol-
amide. In the presence of this carbonic anhydrase inhibitor all
staining was abolished.
Results
Transiniss ion electron microscopy: Cell morphology
The cellular ultrastructure of the collecting duct was exam-
ined by transmission electron microscopy, The cortical collect-
ing duct (CCD) was composed of principal cells and intercalated
cells as illustrated in Figure lA and B, and as described
previously in detail [6]. Principal cells had a cytoplasm with few
organelles, sparse ovoid mitochondria, occasional blunt micro-
villi at the apical surface, an absence of apical cytoplasmic
vesicles and a centrally located nucleus (Fig. lA). The basolat-
era! membrane infoldings were extensive and the cytoplasm
within the infoldings did not contain any organelles. Interca-
lated cells had an abundance of cytoplasmic organelles, numer-
ous mitochondria, apical membrane microplicae, extensive
apical cytoplasmic vesicles, and a basally located nucleus (Fig.
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Fig. 1. Transmission electron micrographs of cortical collecting duct (CCD) and outer medullary collecting duct (OMCDi). A. Principal cell, CCD
(x 7,200); B. intercalated cell, CCD (x 7,200); C. OMCDi cell with a paucity of mitochondria (x 6,700); D. OMCDi cell with a relative abundance
of mitochondria (x 6,700). The cells in the OMCDi do not resemble either principal or intercalated cells in the cortical collecting duct. Bars equal
1 m.
1B). In agreement with Kaissling and Kriz [6] we found that
there were several manifestations of intercalated cells in the
CCD. The differences among the various manifestations were
subtle and gradual with many intermediate variations. Some
intercalated cells contained more vesicles in the apical cyto-
plasm than others and some intercalated cells had more abun-
dant microplicae than others. It was not possible to divide the
intercalated cells into two morphologically distinct populations,
as has been described for the CCD of the rat [8].
The outer stripe of the outer medullary collecting duct
(OMCDo) was also composed of principal and intercalated
cells. Principal cells in the OMCDo were similar to those in the
CCD except that the basal membrane infoldings were not as
well developed and the number of organelles was reduced.
Several forms of intercalated cells were also apparent in this
segment and, like the CCD, many intermediate variations were
present.
Representative micrographs of the inner stripe of the OMCD
(OMCDi) are illustrated in Figures 1C and D. Two morpholog-
ical variations of the OMCDi cell, which differed with respect to
the number of mitochondria and vesicles between the apical
membrane and the nucleus, were apparent. One variant con-
I. 
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Fig. 2. Transmission electron micrographs of inner medullary collecting duct (IMCD). A. IMCDi (x 7,200), B. IMCDt (x 6,000). Bars equal I m.
tamed a few small mitochondria, some lysosomes and occa-
sional small vesicles (Fig. lC). Basal membrane infoldings were
infrequent. The cytoplasm beneath the apical membrane con-
tained a web of microfilaments and microtubules; other organ-
elles were not evident in this region. The other variant con-
tained abundant mitochondria (Fig. 1D). There was a clear area
of cytoplasm between the mitochondria and the apical mem-
brane which contained numerous round vesicles, as well as
microtubutes and microfilaments. This cell also contained more
microvilli in the apical surface than the other variant. There
were no other obvious differences between the two manifesta-
tions of OMCDi cells. We are reluctant to describe the cells as
principal and intercalated cells because they bear little resem-
blance to those cell types in the CCD or OMCDo and, as
described below, both manifestations, especially in the inner-
most zone of the OMCDi, contain carbonic anhydrase, and
have rod-shaped intramembranous particles in the apical mem-
brane.
The inner medullary collecting duct (IMCD) was divisible
into two regions, each comprised of approximately one-half of
the IMCD. The transition between the two segments was
gradual and varied among animals. Cells in the initial one-half of
the IMCD (IMCDi) contained large spherical and basally lo-
cated nuclei and few mitochondria (Fig, 2A). The apical cyto-
plasm contained an apical web composed of numerous micro-
filaments and microtubules and occasional small vesicles, Some
cells also contained numerous mitochondria below the apical
web. Cells in the terminal one-half of the IMCD (IMCDt) were
considerably larger than IMCDi cells and contained few organ-
elles (Fig. 2B). Lysosomes were frequently observed in the
apical cytoplasm. Occasional necrotic cells were observed,
however, other than this feature the cells appeared homoge-
neous.
Freeze fracture: Distribution of rod-shaped intramembranous
particles
The distribution of rod-shaped intramembranous particles
was studied because this membrane structure has been found in
intercalated cells and other acidifying epithelial cell types
[15—171. Indeed, rod-shaped intramembranous particles were
observed in both the apical and basolateral membranes of all
intercalated cells examined (N 300). We also observed these
particles in the apical membrane of principle cells; however, the
density of the particles was considerably less than in interca-
lated cells.
In the CCD, principal cells had approximately 50 rod-shaped
intramembranous particles per m2 of apical membrane area (N
= 4). Virtually none were observed in the basolateral mem-
brane of these cells (Figs. 3 and 4). In contrast, intercalated
cells had 1,400 150 (N 6) rod-shaped intramembranous
particles per m2 of apical membrane, and 649 150 (N = 10)
particles per im2 of basolateral membrane (Fig. 5). It should be
emphasized that the number of rod-shaped intramembranous
particles in the apical and basolateral membrane domains of
intercalated cells varied widely. For example, in the apical
membrane the density ranged from 820 to 1,950 particles per
m2, while in the basolateral membrane the range was from 150
to 1,400 particles per rm2. In a limited number of cells (N = 3)
we were able to observe both the entire apical and basolateral
membrane in the same fracture plane. In these cells the density
of rod-shaped intramembranous particles was greater in the
apical membrane (1,600 200/sm2) than in the basolateral
membrane (290 l00/m2). We did not observe a cell in which
the density of rod-shaped intramembranous particles in the
basolateral membrane exceeded that of the apical membrane.
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Fig. 3. Freeze-fracture micrograph of a principal cell in the cortical collecting duct. A. Entire cell, inserts B and C are magnified and reproduced
as Figures 3B and 3C. B. Apical membrane; C. basolateral membrane. L is lumen, Pa and Pb! are the P fracture face of the apical and basolateral
membranes. Arrowhead indicates direction of shadow.
Rod-shaped particles were also abundant in cytoplasmic vesi-
des of all intercalated cells examined.
In the OMCDo the apical membrane of principal cells (Fig. 6)
contained a few rod-shaped particles that often occurred in
small clusters. This may represent the fusion of cytoplasmic
vesicles, containing rod-shaped particles in the membrane, with
the apical plasmalemma. There were no obvious rod-shaped
particles in the basolateral membranes of principal cells. The
apical membrane of intercalated cells was amplified by short
microvilli or microplicac (Fig. 7), not by an extensive network
of microplicae as was seen often in the cortex (Fig. 5). The
apical membrane of all intercalated cells contained a relatively
dense population of rod-shaped particles, These features of the
intercalated cell distinguished it from the principal cell (Figs. 6
—-
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crease at the midportion of the IMCD and rod-shaped particles
were absent in apical and basolateral membranes of the IMCDt.
Localization of Na-K-A TPase
Na-K-ATPase was localized to the basolateral membrane of
all cells in the collecting duct, although differences between cell
types were observed. While luminal membrane staining was
never detected, occasional subapical vacuoles of connecting
tubule cells contained reaction product (Fig. 9A). Localization
of these vacuoles was observed in every connecting tubule
examined,
In the CCD, Na-K-ATPase was found in the basolateral
membrane of both principal and intercalated cells. As illus-
trated in Figures 9B and C the peroxidase reaction product was
more dense over principal cells, indicating a higher density of
the enzyme in these cells compared to adjacent intercalated
cells.
The localization of Na-K-ATPase in the OMCDo was similar
to that in the CCD, although the distinction between staining
intensity of principal and intercalated cell basolateral mem-
branes was less obvious (Figs. 9D and E).
Heterogeneity of staining among cells in the OMCDi (Fig. 9F)
and IMCD was not observed. All cells contained Na-K-ATPase
in the basolateral membrane.
Localization of carbonic anhydrase
k'ig. 4. Freeze-fracture micrograph of basolateral membranes of prin-
cipal cells (PC) and an intercalated cell (IC) in the cortical collecting
duct. Note the high density of rod-shaped intramembranous particles in
the basolateral membrane of the intercalated cell, but not the principal
cells. Asterisks indicate possible formation of clathrin-coated pits,
arrowhead indicates direction of shadow.
and 7). In contrast to the intercalated cell of the CCD, rod-
shaped particles were not found in the basolateral membrane of
the intercalated cell in the OMCDo (Fig. 7).
In the OMCDi, rod-shaped intramembranous particles were
found in the apical membrane of all cells (Fig. 8). The density of
particles varied from 13 to 685 particles per m2, and averaged
188 76 (N = 10) particles per m2. In general, cells with a high
density of apical membrane rod-shaped particles (28 of 101 cell
examined) also had a well developed cytoplasm containing
numerous vesicles and mitochondria. Virtually no rod-shaped
intramembranous particles were found in the basolateral mem-
brane. In transmission electron micrographs of OMCDI cells
studs were observed on the cytoplasmic surface of the apical
membrane, but not on the basolateral membrane.
In the IMCDi rod-shaped particles were present in the apical
membrane of all cells. The density of particles began to de-
To insure that the observed differences in carbonic anhydrase
staining were not the result of the incubation procedure the
distribution of the enzyme along the collecting duct in each
animal was determined only in sections containing the entire
collecting duct. Representative examples of the staining pattern
seen in each segment are illustrated in Figures 10 to 12.
In the CCD, principal cells were always unstained (Fig. 10).
In contrast, intercalated cells exhibited intense cytoplasmic
staining, as well as membrane staining predominantly at the
apical border of the cell (Fig. 10). Moreover, in some cells the
cytoplasmic staining was most intense in the apical region. A
similar staining pattern for carbonic anhydrase was observed in
the connecting tubule.
The number of intercalated cells in the CCD decreased in
frequency toward the boundary with the outer medulla. In
intercalated cells in the CCD, carbonic anhydrase staining was
less intense in the deep cortex compared with the superficial
cortex. There was some variability of staining for carbonic
anhydrase among intercalated cells. In particular, variations in
the intensity of staining in the cytoplasm and the apical mem-
brane were observed (Fig. 10).
In the OMCDo, intercalated cells were seen much less
frequently than in the CCD (Fig. hA). In addition, the cyto-
plasmic staining of intercalated cells in this segment was much
weaker than in intercalated cells in the inner cortex. Numerous
cytoplasmic granules stained for carbonic anhydrase in interca-
lated cells in this segment. At the junction of the outer and inner
stripe there was a change in the pattern of carbonic anhydrase
staining. Many cells were unstained. A few cells had weak
cytoplasmic staining and cells with only apical membrane
staining were present (Fig. 1 IB). In the middle region of the
OMCDi staining for carbonic anhydrase was primarily localized
to the apical membrane (Fig. 1 IC). The number of cells staining
for carbonic anhydrase increased prog essively toward the
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Fig. S. Freeze-fracture micrograph of an intercalated cell in the cortical collecting duct. A. Entire cell. Inserts A and B are magnified and
reproduced as Figures 5A and 5B. Nu is the nucleus, G is the Golgi apparatus, L is the tubular lumen, E is the E fracture-face, P is the P
fracture-face of the plasma membrane, M is mitochondria and BI is the basal lamina. Arrowheads indicate direction of shadow.
boundary between the OMCDI and the IMCD. All cells in the
inner region of the OMCDi were positive for carbonic anhy-
drase (Fig. liD). In this region the apical and lateral membranes
of all cells stained for carbonic anhydrase and in some cells
weak staining was also observed in the cytoplasm and basolat-
era! membranes. The intensity of staining at the level of the
cytoplasm and basolateral membrane varied considerably
among cells.
The distribution of carbonic anhydrase in the IMCDI was
similar to that observed in the inner region of the OMCDi (Fig.
12A). In general, the intensity of staining was greater in the
IMCDi versus the OMCDi. The enzyme was primarily localized
to the apical and lateral cell membranes in the IMCDi, although
basal membrane and cytoplasmic staining was observed in
some cells (Fig. 12A). Staining decreased at the transition
between the IMCDi and the IMCDt (Fig. 12B). No staining was
observed in the IMCDt (Fig. 12C). However, carbonic anhy-
drase-positive cells were seen in the interstitium.
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Fig. 6. Freeze-fracture micrograph of the apical membrane of a prin-
cipal cell from the outer medullary collecting duct, outer stripe. Note
that only occasional rod-shaped particles are seen. Asterisks indicate
depression containing rod-shaped particles that may represent a recent
exocytic or endocytic event. Arrowheads indicate direction of shadow.
Discussion
In the present study we describe the ultrastructure of the
rabbit collecting duct by transmission and freeze-fracture elec-
tron microscopy and by the distribution of carbonic anhydrase,
Na-K-ATPase, and rod-shaped intramembranous particles. We
observed that there is considerable heterogeneity along the
collecting duct with regard to the distribution of cell types, the
cellular localization of carbonic anhydrase and Na-K-ATPase,
and the distribution of rod-shaped intramembranous particles.
Table 1 summarizes the main findings.
Cortical collecting duct
Our observations confirm previous studies demonstrating
that the CCD is composed of principal cells and intercalated
cells [6]. It is now generally held that the principal cell is the site
for Na and K transport, while the intercalated cell is involved
in acid-base transport [3, 7—11, 13, 16, 18—321. Our results are
consistent with such a distribution of function.
Recent morphologic and physiologic studies in the rat [25,
28], rabbit [26, 27] and turtle urinary bladder [161 have de-
scribed two sub-types of intercalated cells. One sub-type is
thought to be responsible for the secretion of H into the urine
(a cell), while the other sub-type is thought to secrete HC03 (/3
cell). Although we did observe cells by transmission electron
microscopy which had ultrastructural features similar to those
described in the rat and turtle, we were unable to define clearly
two distinct populations of intercalated cells. Instead, we
observed a wide variation in intercalated cell ultrastructure.
By freeze-fracture microscopy we were also unable to dem-
onstrate two distinct populations of intercalated cells based on
the density of rod-shaped intramembranous particles. Specifi-
cally, rod-shaped particles were present in both the apical and
basolateral membranes of all cells examined; however, some
Table 1. Summary of distribution of Na-K-ATPase, carbonic
anhydrase and rod-shaped intramembranous particles along the
collecting duct
Na-K-ATPase
Carbonic
anhydrase
Rod-shaped
particles
CCD
Principal cell + + — +1— apical
— basolateral
Intercalated cell + + + membrane
+ + cytoplasm
+ + + apicala
+ + basolaterala
OMCDo
Principal cell + — +1— apical
— basolateral
Intercalated cell -I- + membrane
+ cytoplasm
(—some cells)
+ + + apical
— basolateral
OMCDi + +1— membrane
+1— cytoplasm
+ apicala
— basolateral
IMCDi + + membrane
+1— cytoplasm
+ apical
+1— basolateral
IMCDt + — —
+ is positive, — is negative and +1— is heterogeneous
a Considerable variability existed between cells
intercalated cells had a higher density of rod-shaped particles in
the apical membrane while other intercalated cells had a higher
density of particles in the basolateral membrane. Thus, based
on morphologic criteria, distinction between intercalated cell
sub-types is less dramatic in the rabbit CCD than have previ-
ously been described for either rat CCD or turtle urinary
bladder.
Carbonic anhydrase was localized in the CCD to the interca-
lated cell and no staining of the principal cell was observed.
This finding is in agreement with previous studies in the rabbit
[18, 29], but differs from that reported in the CCD of the rat [18,
20, 23, 24, 30—32]. In this latter species, carbonic anhydrase is
also found in the principal cell, although to a lesser extent than
in the intercalated cell. The functional correlate of these differ-
ences in the localization of carbonic anhydrase between the rat
and rabbit remains to be defined.
Differences between the rat and rabbit CCD are also apparent
from the distribution of Na-K-ATPAse. In the rat, Na-K-
ATPase has been localized to the basolateral membrane of the
principal cell, and the enzyme was barely detectable in the
intercalated cell [191. In contrast, in the rabbit Na-K-ATPase
was found in significant levels in the basolateral membrane of
both the principal and intercalated cell. The reasons for the
relative difference in Na-K-ATPase localization between the
intercalated cell and principal cell of these species are not
known. As noted earlier, it is generally held that the principal
cell is responsible for Na and K transport, while the interca-
lated cell is an acid/base transporting cell. The function of the
Na-K-ATPase in the principal cell is clear, but its role in the
intercalated cell is not obvious. This enzyme could play a role,
as yet undefined, in either Na or K transport. Alternatively,
the enzyme may simply be present for the maintenance of
normal cell ion composition. Additional studies will be required
to distinguish between these possibilities.
Another interesting finding which reflects the difference be-
tween rat and rabbit is the presence of the Na-K-ATPase in
subapical vacuoles of rabbit connecting tubule cells. This
.
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Fig. 7. Freeze-fracture micrograph of an intercalated cell in the outer medullary collecting duct, outer stripe. A. Entire cell. Inserts B and C are
magnified and reproduced as Figures 7B and 7C. Abbreviations are the same as for Figure 5.
pattern was not present in any other segment of the collecting is that these intracellular vacuoles may represent part of a
duct system in rabbit, and was not observed in the connecting membrane recycling process.
tubule of rat [191. While the significance of this finding is
unclear, it may be related to the recent observation of Hayashi Outer medullary collecting duct
and Katz [33] that a pool of ouabain inaccessible Na-K-ATPase The results of the present study clearly demonstrate impor-
units, presumably located in an intracellular compartment, is tant differences between the OMCDo and the OMCDi portions
found in potassium depleted rats. Another possible explanation of the outer medullary collecting duct. In the OMCDo, principal
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Fig. 8. Freeze-fracture micrograph of the apical and basolateral mem-
brane of a cell from the inner stripe of the outer medullary collecting
duct. Note the short, stubby microvilli on the apical surface (Pa).
Abbreviations and arrowheads have the same meaning as in Figure 5.
cells and intercalated cells were observed. As in the CCD, only
the intercalated cell contained a high density of rod-shaped
intramembranous particles, and stained positively for carbonic
anhydrase. However, one important difference between the
OMCDo and the CCD was noted. In the OMCDo, a high
density of rod-shaped particles was found only in the apical
membrane of intercalated cells. No cells had a high density of
the particles in their basolateral membrane. On the basis of this
localization of the rod-shaped particle it would appear that all
intercalated cells of the OMCDo are involved in the process of
H'1 secretion. Indeed, HC03 secretion has not been reported
in this segment [34].
Na-K-ATPase was found in near equal quantities in both the
intercalated and principal cell. As for intercalated cells of the
CCD, the precise functional role of this enzyme in intercalated
cells of the OMCDo remains to be defined.
Microperfusion studies show that the OMCDo absorbs Na
and secretes K and H [4, 34]. It is likely that the principal cell
is responsible for the transport of Na and K, while the
intercalated cell is the H secretory cell. Indeed, microelec-
trode studies have confirmed the presence of cellular heteroge-
neity with respect to the transport functions of these cells [7].
The cells of the OMCDi could not be classified as either
intercalated cells or principal cells based on their ultrastructural
features. However, variation among cells was observed, espe-
cially with regard to the number of sub-apical vesicles, the
number of mitochondria and the density of rod-shaped
intramembranous particles in the apical membrane. Despite
these differences, within the inner region of the OMCDi, all
cells stained positive for carbonic anhydrase and had Na-K-
ATPase localized to the basolateral membrane.
Functionally the OMCDi appears to be specialized in urine
acidification. Specifically, this segment does not transport Na
or K but HC03 reabsorption occurs under all conditions [1,
4, 5, 35, 36]. Moreover, microelectrode studies of this segment
have identified only a single cell type, and its electrical proper-
ties are consistent with it playing a key role as a H + secreting
cell [37]. In view of the above-mentioned functional and struc-
tural features of the OMCDi and despite the variations that exist
between cells, we feel it is not possible to classify these cells as
either principal or intercalated. Instead, we prefer to refer to
them as inner stripe cells, and we suggest that the morpholog-
ical variations among cells may simply reflect differences in the
rates of H transport.
Recent studies from other laboratories have reported heter-
ogeneity in the rabbit OMCDi with regard to succinate
dehydrogenase (a marker for mitochondria), for band 3 glyco-
protein (that is, Cl/HC03 exchanger) [38] and for a monoclo-
nal antibody (IgGI) against an undefined antigen [39]. It is likely
that cells with a high density of rod-shaped intramembranous
particles in the apical membrane also contain numerous
mitochondria, band 3 glycoprotein and Igçi These cells may be
secreting H at a high rate whereas the remaining cells may be
relatively quiescent. Future studies will be needed to explore
this possibility.
One interesting finding regarding carbonic anhydrase local-
ization is related to the pattern of staining between the OMCDo
and OMCDi. In the OMCDo, carbonic anhydrase staining was
limited to the intercalated cell, where it was primarily cytoplas-
mic. In contrast, OMCDi cells had the enzyme localized pre-
dominantly in the apical membrane, although cytoplasmic and
basolateral membranes staining was also observed in some
cells. In the rat kidney, ultrastructural immunocytochemistry
indicated that carbonic anhydrase may also be present in the
apical membrane of some intercalated cells [30]. The functional
correlate of this staining pattern for carbonic anhydrase in
rabbit has recently been reported by Star, Burg and Knepper
[401. They demonstrated that the OMCDo was capable of
generating an acid lumen disequilibrium pH, while the OMCDi
was not. On the basis of this difference they postulated that the
luminal fluid was in functional contact with carbonic anhydrase
in the OMCDi but not in the OMCDo.
Inner medullary collecting duct
The structural features of the IMCD, as determined in the
present study, clearly indicate that this portion of the collecting
duct should be divided into two segments: an initial portion
(IMCDi) comprising approximately the outer one-half of the
inner medulla, and a terminal portion (IMCDt) comprising the
remainder [41]. We were unable to develop criteria which
would allow the IMCD to be subdivided into three regions, as
has been proposed for the rat [8].
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Fig. 9. Transmission electron micrographs illustrating the distribution of Na-K-A TPase along the collecting duct. The presence of Na-K-ATPase
is indicated by the dark reaction product: A. Cortical connecting tubule cell (X 7,200); B. cortical collecting duct, principal cell (X 5,400); C.
cortical collecting duct, intercalated cell (x 5,400); D. outer medullary collecting duct, outer stripe, principal cell (x 6,800); E. outer medullary
collecting duct, outer stripe, intercalated cell (x 6,800); F. outer medullary collecting duct, inner stripe cell (x 6,800).
666 Riddersrrale et al: Collecting duct heterogeneity
Fig. 10. Light micro graph of the distribution of carbonic anhydrase in the outer cortical collecting duct. A. A junction of two initial collecti
ducts to form a cortical collecting duct is evident in the center of this micrograph. The presence of carbonic anhydrase is indicated by the da
precipitate. Intercalated cells stain avidly for carbonic anhydrase whereas principal cells are completely negative. Proximal tubule cells also sta
avidly. (2 rm thick section: x 800). B. Higher magnification of the cortex. CCD's and a proximal convoluted tubule are evident (0.5 m thi
section: x 2,000).
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Fig. 11. A. Light micrograph of the distribution of carbonic anhydrase in the outer medullary collecting duct in the outer stripe. The intercalated
cells are weakly stained in the OMCDo (compare with Fig. 10), principal cells are unstained (I m thick section: x 2,000). B. Light micrograph
of the distribution of carbonic anhydrase in the outer medullary collecting duct, inner stripe (outer zone). A few cells stain for carbonic anhydrase
at the apical membrane (2 zm thick section; x 675). C. Lightmicrograph of the distribution of carbonic anhydrase in the outer medullary collecting
duct, inner stripe (middle zone). The apical and lateral membranes stain more avidly for carbonic anhydrase than cells in the outer zone of the inner
stripe. Note the staining over the cytoplasmic granules in the apical cytoplasm (2 m thick section: x 675). D. Lightmicrograph of the distribution
of carbonic anhydrase in the outer medullary collecting duct, inner stripe (inner zone). The apical and lateral membranes of all cells stain avidly
for carbonic anhydrase. In some cells the cytoplasm also stains (2 m thick sections: X 800).
Fig. 12. A. Light micrograph of the distribution of carbonic anhydrase in the initial portion of the inner medullary collecting duct (IMCD1), The
apical and lateral membranes of all cells stain avidly for carbonic anhydrase. In some cells the cytoplasm also stains for carbonic anhydrase (2 m
thick sections: x 800), B. Light micrograph of the distribution of carbonic anhydrase in the transition between the lMCD and IMCD. Carbonic
anhydrase staining is only seen in a few interstitial cells (I m thick sections: x 800). C. Light micrograph of the distribution of carbonic anhydrase
in the terminal region of the inner medullary collecting duct (IMCD). The IMCD cells in this region are larger than the IMCDi and do not stain
for carbonic anhydrase. Interstitial cells stain avidly for carbonic anhydrase (I m thick sections: X 800).
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The IMCDi was found to be similar in many respects to the
OMCDi. In particular, only a single cell type was observed.
This cell had numerous rod-shaped intramembranous particles
in the apical membrane, stained positive for carbonic anhy-
drase, and contained Na-K-ATPase in the basolateral mem-
brane. Although the transport features of this portion of the
rabbit collecting duct have not been completely defined [41], it
seems probable that it is involved in urine acidification.
The IMCDt was also comprosed of a single cell type. This cell
was, however, quite different from that of the IMCDi. It did not
contain any rod-shaped intramembranous particles nor did it
stain for carbonic anhydrase. All cells did, however, have
Na-K-ATPase localized to the basolateral membrane. The
functional correlates to these structural features remain to be
defined.
Summary
The collecting duct of the rabbit is a morphologically heter-
ogeneous epithelium. The distribution of principal cells and
intercalated cells, carbonic anhydrase, rod-shaped intramem-
branous particles, and Na-K-ATPase differs in each of the
collecting duct segments. Our study also indicates that impor-
tant differences exist between the rat and rabbit collecting duct
that must be considered when interpreting transport studies in
these two species.
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